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The use of ultrarelativistic electron (positron) emission in thin crystals to estimate particle beam spatial
sizes for projected electron–positron colliders is proposed. The existing position-sensitive X-ray range
detectors restrict the minimum value of the measured beam size to a level of approximately 10 μm,
which is far greater than the planned sizes of collider beams. We propose to estimate the electron
(positron) beam divergence over the diffracted transition radiation from angular distribution measure-
ments. The spatial size can be obtained from the calculated beam emittance or the experimental emit-
tance, which is measured during the earlier stage of acceleration using optical transition or optical dif-
fraction radiation. The problem of crystal destruction under the influence of a high-intensity electron
beam is discussed. The use of surface parametric X-ray radiation, where the problem of crystal
destruction is almost absent, to measure the electron beam parameters is also discussed.
& 2015 Published by Elsevier B.V.1. Introduction
One of the most important parameters that determine the






where nb is the number of bunches, N is the bunch population, frep
is the repetition rate, HD is the luminosity enhancement factor, and
σx and σy are the characteristic beam sizes in the horizontal and
vertical directions, respectively. The estimated luminosity, L, of the
International Linear Collider (ILC) is approximately 1034 cm2 s1
and higher, due to the small size of the beam at the interaction
point of  700 7 nm2 (σx  σy) [1]. Invasive [3] and non-invasive
[4,5] methods developed to determine the transverse beam size
based on the registration of optical radiation frommetal foils set in
the accelerator cannot ensure measurement of the beam para-
meters with such small sizes, due to coherent effects in the
radiation [6].
One method that can provide non-invasive measurement of the
spatial dimensions of an ultra-fast electron beam is to use the
Shintake monitor, based on the interaction of electrons with a
target of laser interference fringes, and record the scatteredCompton photons emitted in the direction of the electron beam
[7]. Recently, this method has been used to measure the dimen-
sions of a beam (High Energy Accelerator Research Organization-
Accelerator Test Facility; KEK-ATF) in the range of 20 nm to several
microns with an accuracy of no more than 10% [8]. To use this
method, the electron beam must be bent by a magnet after
interaction; therefore, its use under the conditions of the ILC
would require significant additional expenditure. For the same
reason it cannot be used in a collider regime where there are two
simultaneous particle beams or for intermediate diagnostics and
control of the beams inside the accelerator during the acceleration
process.
Another way to address this issue could be a decrease of the
detected radiation wavelength by switching to the X-ray frequency
range and employing the mechanism of parametric X-ray radiation
(PXR) proposed in Refs. [9,10]. The choice of radiation mechanism
corresponds with the large angles of PXR emission in the direction
of the electron motion and it can be detected relatively easily with
conventional X-ray detectors.
In the first approximation, PXR may be considered as coherent
scattering of the electromagnetic field of a particle on the electron
shells of periodically arranged target atoms [11,12]. By analogy
with X-ray diffraction in crystals, there are two approaches to the
description of PXR. The kinematic approximation suggests that the
multiple reflections of PXR photons at crystal planes are negligibly
small. If this condition is not satisfied, then it is necessary to use
dynamical theory. PXR can also be described as a coherent polar-
ization bremsstrahlung of relativistic charged particles in a crystal
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that for perfect crystals the contribution of dynamic effects is not
more than 10%; therefore, the kinematic approximation should be
sufficient to describe the experimental data. Numerous experi-
mental works (see, for example, [16] and references therein) have
demonstrated that the kinematic PXR theory describes the results
of measurements for electron energies from a few mega-electron-
volts to several giga-electron-volts with an accuracy better than
10–15%.
A study on the influence of the electron beam size on the PXR
spatial distribution from 855 MeV electrons in a 50 μm thick sili-
con crystal using a high-resolution X-ray camera [17] has con-
firmed that estimation of the electron beam size is possible with
such measurements [18]. Electron beam size measurements for an
energy of 255 MeV using the PXR spatial distribution in a 20 μm
thick silicon crystal made with a coordinate detector based on an
imaging plate [19] coincided with those using optical transition
radiation (OTR) [20].
For fast electrons, PXR is always accompanied by radiation
diffracted in the crystal, which is generated directly inside the
target or on its surface [22,21]. In the first case, diffracted
bremsstrahlung (DB) is considered, while in the second case, dif-
fracted transition radiation (DTR) is considered. The former is
dominant under the condition ω⪢γωp, where ω is the photon
energy, γ is the Lorentz factor, and ωp is the plasma frequency of
the medium, whereas the latter is dominant under the opposite
condition. If the condition ω γωp is true, then the contributions
of both radiation mechanisms are observed. Taking into account
the real photon diffraction for the [18,23] experiments, an
improved agreement between the experimental and calculated
data was obtained for the center of PXR reflex [24], where a large
difference between the experimental results and calculated ones
without the contribution of real photons diffraction was observed
[18,23].
Unlike the Shintake monitor, a device that can realize this
method of electron beam size measurement can be used at any
stage of acceleration, requires significantly less expenditure, and
can be relatively easily integrated into the accelerator control
system by replacing the existing beam monitors based on OTR [3],
optical diffraction radiation (ODR) [4], and Smith–Purcell radiation
[5]. However the change in the ratio of PXR and diffracted real
photons of TR and bremsstrahlung with an increase of electron
energy up to 100–500 GeV [25] and a decrease in the size of the
beam has yet to be clarified. Previous measurements [10,18] were
performed for electron energies less than 1 GeV and beam size is
about hundred microns and greater.
Thus, the unresolved problems, yet obvious advantages, of
using the X-ray emission of electrons in thin crystals to diagnose
the parameters of ultra-high energy electron beams suggests that
research in this area is important and relevant.2. Theoretical considerations
In the experiment, all the radiation mechanisms generated at
the Bragg angles are implemented simultaneously. The basic for-
mulae and approaches for each mechanism that was used for
calculations are introduced here, mainly following Refs. [21,24].
The kinematic PXR theory describes the results of measurements
quite well; therefore, the PXR yield was calculated using a PXR
































The system of units used is ℏ¼me ¼ c¼ 1. Here, ϵ0 ¼ 1ω2=ω2p;
β
!
¼ β n!0 is the electron velocity vector, n!0 and n! are the indi-
vidual vectors that correspond to the incoming electron and
emitted photon (with energy ω and momentum k
!
), respectively,




are the polarization vec-
tors, and ? is the index that denotes the vector projection on the
plane normal to n!0. The other notation is conventional. The term
jχ
g!j
2 denotes the following value:
jχ
g!j








In expression (3), jSð g!Þj 2 is the structure factor, expð2WÞ is the
Debye–Waller factor, and f ð g!Þ is the Fourier component of the
spatial distribution of electrons in a crystal atom ðf ð0Þ ¼ Z, where Z
is the number of electrons in an atom).
The divergence of the electron beam incident on the target, the
multiple scattering of the electrons in the crystal, collimation of
the radiation, and other experimental factors were taken into
account with respect to the procedure described in Ref. [27].
For high-energy electrons, the radiation in the X-ray range of
photon energy ðωr00 keVÞ in crystals, except PXR, is generated
through the mechanism of the transition radiation TR. The
bremsstrahlung intensity is suppressed due to the Ter-Mikaelian
effect [28,29].
The spectral-angular distribution of the TR intensity on the
vacuum environment without taking into account the polarization














where θ is the photon emission angle according to the direction of
the electron motion. For simplicity, it can be assumed that the TR
is generated directly at the inlet into the crystal and is then dif-
fracted therein.
The angle of photon emission in expression (4) is measured
from the direction of motion of the emitted electron, whereas it is
generally measured experimentally according to the dependence
of the resulting radiation yield Yðω;θ) in the collimator aperture ϑc
on the observation angle θ, with respect to the reflex center
located at an angle ΘD.
To obtain such information, it is necessary to take into account
the angular distribution of the electron beam incident on a crystal
Pðθe;φeÞ. In this case, the spectral-angular distribution of TR,
d2 InTRðω;θ;φ;tÞ
dω dΩ , is defined by a convolution of spectral-angular dis-
tribution of TR with the angular distribution of electrons, which








f ð n!; n!e; n!γÞ dΩγ :
ð5Þ
Here, n!eðθe;φeÞ and n
!
γðθγ ;φγÞ are vectors that describe the
directions of electron and photon propagation in the laboratory
frame of reference and in the system correlated with the direction
of the electron motion, respectively. n!ðθ;φÞ ¼ n!eþ n!γ is a vector
for the direction of the photon in the laboratory frame and f ð n!;
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vectors.
Therefore, the angular distribution of diffracted radiation rela-
tive to the reflex center along the axis x (see, for example, Ref. [22])







Rðω; n!; g!;ΘDÞSnðω; n!; TÞ dΩ ð6Þ
where Rðω; n!; g!;ΘDÞ is the reflectivity for the directions repre-
sented by vectors n! and g!, which is defined by the crystal
orientation angle Θ and the location of the detector ΘD. Snðω; n!;
TÞ is a function that takes into account the photon absorption in
the crystal and the geometry of the experimental set-up. The
integration in (6) occurs over all angles and photon energies with
the incidence of the photons on the collimator.
To determine the yield of the diffracted radiation, it is neces-
sary to determine the reflectivity of the crystal, Rðω; n!; g!;ΘDÞ.
Here, the method described in Ref. [24] was used, which allows
multiple Bragg re-scattering, absorption, and scattering photons
due to processes that are not associated with diffraction to be
taken into account.Fig. 1. Vertical distribution of the X-ray yield for the experimental geometry [18]
and the first order reflection. 1 – PXR for E0 ¼ 1 GeV; 2 – DTR for E0 ¼ 1 GeV; 3 –
PXR for E0 ¼ 10 GeV; and 4 – DTR for E0 ¼ 10 GeV.3. General considerations
Using X-rays to measure the size of a beam of fast electrons by
the PXR mechanism [10,18,20] is restricted to the minimum size
that can be measured with coordinate detectors of X-ray range.
The spatial resolution of the devices used in the experiments
[10,18,20] was evaluated to be approximately 50 μm for photon
energies up to 100 keV [17,19]. For a fixed photon energy as an
estimation of the spatial resolution of similar devices we may
suppose size of detector pixels taking into account the root-mean-
squared path of the secondary electrons (photoelectrons and
Auger electrons) in the detector. The path value is dependent on
the energy of the detected radiation, determined according to the
crystal used and the observation angle, and the working medium
of the detector.
For observation angles of about 20–30°, as for example in Refs.
[10,18], and for the first reflection order, the energy of secondary
electrons is approximately 10 keV and less, which corresponds to
an approximately 1 μm path of the secondary electrons [31]. The
typical size of a CCD pixel is approximately 10 μm. In particular,
the pixel dimensions of the high-resolution X-ray camera are 11:6
11:2 μm2 [17]. The dimensions of the projected colliders beam
are approximately 7 nm and 700 nm (one σ) in vertical and hor-
izontal directions, respectively, for ILC [1] and about 10 nm for
CLIC [2]. These values are significantly less than 10 μm; therefore,
direct measurement of the spatial sizes of the electron beam by
transition to the X-ray range and the PXR mechanism is not fea-
sible due to the characteristics of the existing detectors.
Therefore, we propose to measure the beam angular divergence
instead of the beam size. As described in Refs. [1,2], the beam
divergence is not so small (a few tens of microrads ⪢γ1),
although the beam size is extremely small. It is known that the
main parameter that characterizes the dynamics of the particle
motion in an accelerator is the beam emittance ϵx;y ¼ σx;yθx;y,
where σx;y and θx;y are the respective size and divergence of the
beam in the horizontal and vertical directions. Hence, measure-
ment of the electron beam angular distribution and divergence in
one plane provides information regarding the beam size in this
plane from the emittance for this direction. The required value for
emittance can be obtained from measurements conducted in the
early stages of acceleration using conventional methods or calcu-
lation results (see, for example, Refs. [1,2]).Conventional methods based on OTR and ODR cannot provide
the required accuracy for measurement of the angular distribution
of a particle accelerated to the final energy due to coherent effects.
The characteristic angular size of a PXR photon beam is weakly







where σms is the root-mean-squared angle of multiple scattering of
particles in a crystal.
For observation angles of ΘDo451, Θph  2–5 mrad, depend-
ing on the photon energy and the crystal used, exceed the diver-
gence of the electron beam at the interaction point θ 40 and
15 μrad in the horizontal and vertical planes, respectively, for the
ILC [1], and exceed the divergence of 7–10 μrad for the Compact
Linear Collider (CLIC) [2]. Therefore, measurements of the angular
distribution of PXR photons cannot help in the estimation of the
electron beam divergence incident on the crystal.
PXR is always accompanied by diffracted real photons of
bremsstrahlung and TR emitted in a strictly Bragg direction. The
ratio between the yields of PXR photons and diffracted real pho-
tons is determined by the crystal thickness and the experimental
conditions. Recently, in Ref. [25], it was reported that the ratio
between the angular density of PXR intensity and DTR is sig-
nificantly changed with an increase in the electron energy up to
tens of giga-electron-volts and higher. The angular density of the
DTR intensity becomes far higher than that for PXR.4. Calculation results
As a confirmation of the above statement Fig. 1 shows the
calculation results for the vertical angular distribution of radiation
with the experimental geometry [18] and the first order reflec-
tions. The detailed calculation method is described in Ref. [24]. The
electron beam is incident on a 50 μm thick silicon crystal and the
(220) reflection is investigated. The detection system is located at a
distance of 1 m from the crystal at an angle ΘD ¼ 2ΘB ¼ 22:51. The
square detector, the size of which is 0:05 0:05 mm2, is moved
down through the reflex center with 0.05 mm steps. Curves 1 and
2 show the calculation results for the angular distributions of PXR
and DTR for an electron energy of 1 GeV. Curves 3 and 4 show the
same results for an electron energy of 10 GeV. The diffracted
bremsstrahlung contribution is negligibly small and is not repre-
sented for conditions of ω¼ 16:55 keV⪡γωp  60 and 600 keV for
electron energies of 1 and 10 GeV, respectively.
Fig. 1 shows that the increase of the electron energy did not
change the PXR angular distribution significantly. The small dif-
ference between the distributions for different energies is due to
the lower multiple scattering for higher energy electrons. This
Fig. 2. Vertical distribution of the X-ray yield for an electron energy of 200 GeV and
the first order reflection. 1 – PXR; 2 – DTR for θe⪡γ1; 3 – DTR for θe ¼ 20 μrad; and
4 – DTR for θe ¼ 100 μrad.
Fig. 3. Dependence of σcalc on the beam divergence θe.
Fig. 4. Vertical distribution of the X-ray yield for an electron energy of 200 GeV and
the first order reflection. 1 – DTR for θe⪡γ1; 2 – DTR for θe ¼ 1 μrad; 3 – DTR for
θe ¼ 5 μrad; 4 – DTR for θe ¼ 10 μrad; and 5 – DTR for θe ¼ 20 μrad.
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TR intensity is proportional to the electron energy and the char-
acteristic size of the TR angular cone is approximately γ2;
therefore, the DTR angular distribution for higher energy electrons
is much narrower.
For larger electron energy and smaller electron beam diver-
gence compared with Θph, the central part of the radiation reflex
will be a low pedestal associated with the registration of PXR
photons. The narrow bright peak width for γ1 that corresponds
to the contribution of DTR is located in the center of the PXR
angular distribution. For ILC conditions, the electron (positron)
beam divergence at the interaction point θe is approximately 15–
50 μrad over a wide range of particle energies [1], which is sig-
nificantly higher than the characteristic radiation angle γ1  1–
3 μrad for particle energies above 200 GeV. Therefore, the shape of
the radiation angular distribution is not dependent on the particle
energy, but is defined only by the divergence of the electron
(positron) beam.
To illustrate this, Fig. 2 shows the calculation results for the
vertical angular distribution of the radiation for a beam of elec-
trons with an energy of 200 GeV incident on a 50 μm thick silicon
crystal, where the (220) reflection is used. The detection system is
located at a distance of 2 m from the crystal at an angle
ΘD ¼ 2ΘB ¼ 22:51. A square detector with a size of 1010 μm2 is
moved through the reflex center with 10 μm steps, which corre-
sponds to the angular distribution measurement using an X-ray
camera with the same pixel size.
Curves 1 and 2 show the calculation results of the PXR and DTR
angular distribution for a point-like unidirectional beam of parti-
cles (θe⪡γ1). Curves 3 and 4 show that of the DTR for beam
divergence of θe¼20 and 100 μrad, respectively. It is assumed that
the angular distribution of the beam can be described by a two-
dimensional Gaussian distribution, and a standard deviation cor-
responds to the typical divergence angle of the beam. For simpli-
city, it is assumed that the values of the beam divergence in both
planes are the same. WithΘph⪢θe, the PXR angular distribution for
the remaining θe is virtually identical and is therefore not
presented.
Fig. 2 shows that the PXR contribution is concentrated in the
observation angles θy40:5 mrad and the maximum yield does not
exceed 5 1013 photons/electron. At lesser angles, the PXR yield
is less than 1014 photons/electron. The DTR contribution is con-
centrated in the reflex center and amounts to more than the
maximum PXR at 5 orders. Even for a beam divergence of
100 μrad, the DTR yield is 3 orders greater than the PXR yield. The
intensity of higher PXR orders concentrated closer to the reflex
center is substantially lower than the first order. In addition, the
detection efficiencies of X-ray detectors are significantly decreased
with increasing photon energy. The PXR contribution in the reflexcenter is thus negligibly small from analysis of the electron beam
divergence and may be ignored.
For selected conditions where the characteristic radiation angle
γ1  2:5 μrad is less than the detector angular capture
ϑc¼5 μrad, the dip in the center of the DTR angular distribution is
absent, and its width (see curve 2 in Fig. 2) is not more than 3–4
steps of the detector. For this reason, the difference between the
angular distributions for θe⪡γ1 and θe¼20 μrad is not very
noticeable.
The dependence of σcalc, which was obtained from the standard
deviation in the DTR angular distribution calculated taking into
account the detector angular acceptance (ϑc¼5 μrad), on the
beam divergence θe is shown in Fig. 3.
For small values of beam divergence (θeo10 μrad), σcalc is
almost two times more than θe, and the values then begin to
converge. σcalc and θe practically coincide only when the condition
θe⪢γ1 is satisfied.
To explain the dependence of σcalc on the value of θe, calcula-
tions of the DTR angular distributions for a crystal to detector
distance of 20 m, which corresponds to the angle of collimation
ϑc  0:5 μradoγ1  2:5 μrad were performed. The results of the
calculations for electron beam divergence θe¼0.2 (⪡γ1), 1, 5, 10,
and 20 μrad are shown by curves 1–5 in Fig. 4, respectively, where
the PXR contribution was not taken into account.
Under these conditions, the DTR angular distribution appears
as expected. There is a dip in the emission intensity for the strictly
Bragg direction. A proportional broadening of the angular dis-
tribution for the detected radiation is observed as θe increases. The
broadening is determined by a convolution of the angular dis-
tribution of the TR and that of the electron beam incident on the
crystal, and since the angular distribution of the TR has a relatively
long “tail”, the angular distribution of the detected radiation
begins to coincide with the form of that for the electron beam only
when the condition θe⪢γ1 is satisfied. It should be remarked that
Fig. 5. Dependence of σcalc for the DTR vertical distribution on the beam divergence
in the horizontal plane θx.
Yu.A. Goponov et al. / Nuclear Instruments and Methods in Physics Research A 808 (2016) 71–76 75σcalc values obtained for both distances between the crystal and
the detector for the same θe appear approximately identical.
The divergence of the beam and the transverse dimensions of
the ILC in the horizontal and vertical planes are substantially dif-
ferent. Typical values for the divergence are θx  50 μrad and θy
 20 μrad in the horizontal and vertical planes, respectively, [1].
Accounting for this difference will lead to some reduction in the
maximum intensity of the DTR angular distribution. However, if
the condition θy⪢γ1 is satisfied, as with identical divergences in
both planes, then the angular distribution of the detected radiation
almost completely reproduces that of the particle beam incident
on the crystal. In order to confirm this statement, we performed
calculations of the DTR angular distributions under the conditions
where the vertical divergence remained constant (20 μrad) while
the horizontal divergence was changed from 1 to 100 μrad. Fig. 5
shows the dependence of σcalc for the DTR vertical distribution on
the beam divergence in the horizontal plane θx. The figure shows
that for θx values greater than 30 μrad the influence of the hor-
izontal divergence on the shape of the DTR vertical distribution is
very small (less than 1%). For smaller horizontal divergences the
σcalc value becomes smaller but the change in the σcalc value is
sufficiently small (less than 9%).
If condition θy⪢γ1 is not satisfied, the desired value of θe can
be obtained from the dispersion of the measured angular dis-
tribution and dependence shown in Fig. 3, or its analog for the
two-dimensional Gaussian distribution (see Fig. 5). Thus, by
measuring the DTR angular distribution, information on the elec-
tron beam divergence in both planes can be obtained, and based
on the measured or calculated emittance value, the beam size at
the point of the measurement can be estimated.
The main barrier to the use of DTR in thin crystals to estimate
electron beam divergence and spatial sizes is the destruction of
the crystal structure under the influence of the intense electron
beam during the measurement process. For example, in Ref. [33]
(and references therein), the degradation of coherent effects for a
0.5 mm thick diamond crystal was observed at an electron energy
of 16 GeV and a beam density of approximately 1019 electrons per
cm2. For the ILC with a spatial beam size of  700 7 nm2, the
beam density for one spill (Ne  2:6 1013 electrons per spill) will
be greater than the critical density for a 0.5 mm thick diamond
crystal by several orders. For a thinner crystal, a similar effect will
be observed for a greater total beam density; however, crystal
degradation will occur much faster.
A possible solution to the crystal destruction problem may be
the use of surface PXR (see Ref. [34] and references therein). This
effect is related with the excitation of electrons in crystal atoms by
the electromagnetic field of a charged particle moving near the
crystal surface and its subsequent irradiation. To realize this phe-
nomenon, it is necessary that the distance between the particle
and the crystal surface is approximately γλ or less, where λ is the
wavelength of the emission measured. The intensity of theradiation is close to the PXR intensity with a correction factor of
approximately expðr=γλÞ, where r is the distance between the
particle trajectory and the crystal surface.
Surface PXR is similar to the Smith–Purcell effect [35], which is
already used for electron beam parameter diagnostics in accel-
erator physics [5]. In both cases, the interference of electron
radiation from atoms under the field influence of a charged
moving particle is measured. However, the X-ray radiation wave-
length for the experimental observation of this emission
mechanism is small and has thus not been discussed yet. For the
ILC and CLIC conditions, γλ becomes sub-millimeter; therefore,
this type of radiation can be experimentally observed and used for
electron beam parameter diagnostics.
However, here we have the same problem as with typical PXR
in crystals. The characteristic angular size of the PXR photon beam
is far larger than the beam divergence measured. From the analogy
between the surface and typical PXR, we may expect surface dif-
fracted transition radiation with parameters close to those of
typical DTR. If this type of emission does exist, then we may expect
that it could be used for the measurement of high-energy electron
beam parameters. As confirmation for the existence of surface
diffracted transition radiation, we may consider the experimental
results [36], where under Smith–Purcell radiation measurements
bright emission under a small angle to the direction of electron
movement was observed. This radiation may be interpreted as
transition radiation arising under particle movement near an
extended target without its intersection.5. Summary and conclusions
The results of the study may be briefly stated as follows:
(1) The space resolution of any devices for X-ray beam spatial
distribution measurements is limited by the size of the CCD
pixel. The sizes of the planned electron–positron linear colli-
der beams in both directions are far less than the typical size
of a CCD pixel or other devices used for X-ray spatial
distribution measurements. Therefore, PXR spatial distribution
measurements cannot provide information regarding the sizes
of such beams.
(2) These data may be obtained from information on electron
beam emittance in both planes and divergence, which may be
obtained from measurements of an electron beam angular
distribution. The beam emittance may be obtained from cal-
culations or measurements at the earlier stages of acceleration
using traditional methods with optical devices.
(3) For a particle energy approximately some hundreds of giga-
electron-volts, the DTR intensity in a narrow cone is far larger
than the PXR intensity. The DTR angular distribution is com-
pared with the electron beam angular distribution and may be
used for measurement of the electron beam divergence.
(4) In contrast to the Shintake monitor, the devices used in the
proposed method are less expensive and may be installed in
any part of the accelerator to control the electron beam
parameters in the acceleration process.
(5) The main barrier that can prevent the use of DTR in thin
crystals for the estimation of electron beam divergence and
spatial sizes is destruction of the crystal structure under the
influence of a high-intensity beam. For the ILC and CLIC
conditions, crystal structure degradation can be expected after
one spill of the accelerator. However, the proposed method
may prove useful when the beam current is low, such as at the
commissioning stage of the accelerator.
(6) A possible solution to the crystal destruction problem may be
the use of surface PXR and DTR. These types of fast electron
Yu.A. Goponov et al. / Nuclear Instruments and Methods in Physics Research A 808 (2016) 71–7676emission in crystals were not observed yet. However experi-
mental verification of these effects may help us in the esti-
mation of the collider beam parameters. It requires both
additional experimentation and theoretical investigations,
which will be presented elsewhere.Acknowledgments
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